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PREFACE 


There are two main classes of well-designed cams :— 


1. Those designed according to acceleration requirements : 
(2) constant acceleration ; 
(6) continuous simple harmonic motion. 


2. The “simple” cams, having profiles consisting of circular arcs 
only, or of circular arcs and straight lines, 


After these come the cams which use other true mathematical 
curves, e.g. elliptical arc, parabolic arc, involute are, ete. 


The case (1) cams, while perfect in their action, are difficult to draw 
and even more difficult to machine to the designer's profile. 


This treatment deals fully with the case (2) cams and shows that 
their velocity and, more important, acceleration, are capable of accurate 
computation, and further that the simple cams perform their motion 


in a way which truly comes midway between the two “ideal cams” 
of case (1). 


It is the aim of the author to encourage designers to use the simple 
cam in every case possible, and also to encourage the student to look 
upon this type of cam with even more favour than the case (1) cams 
which the text books uphold as the acme of perfection. 


Naturally there is no excuse for a designer who makes a cam in 
which the acceleration of the motion imparted to the follower is given 
no thought, since the forces acting on the cam, and its efficiency as a 
machine, depend on the acceleration. There is still less excuse then for 
such a designer if he appreciates that for any conditions of motion there 
is a simple cam with calculable and limited acceleration. 


Apart from the question of design the author suggests that there 
is much in the treatment that will interest any engineer or student of 
engineering. The author is not aware of any previous attempt to reduce 
all the simple cam mechanisms to four-bar mechanisms, and to adopt 
the instantaneous centre of rotation method to the solution of their 
velocities and accelerations. : 
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THE SIMPLE CAMS 


CHAPTER 1 
THE CAM AS A MECHANISM 


The “simple” cams are those which have for profile either circular 
ares only, or straight lines with circular arcs. The name refers to the 
ease with which they may be drawn and manufactured, and has no 
reference to the analysis of their motion. 


Analysis of complex motion in mechanisms may be carried out in 
several ways. 


The general methods are either: (i) to obtain a mathematical 
relation between displacement and angle of rotation. This, by 
differentiation, yields an equation for velocity and finally a second 
differentiation yields an equation for acceleration. The motion is then 
fully analysed; or (ii) to plot a curve of displacement against angle 
of rotation, and by recognised graphical means (approximate differentia- 
tion), obtain a very rough velocity curve, which in turn using the same 


process may be made to yield a still more approximate acceleration 
curve. 


__ It is obvious that method (ii) would never be used where method 
(i) could conveniently apply. 


Method (i) is however very difficult even in the simple 4-bar 
mechanisms, and is usually limited in application to the reciprocating 


engine mechanism. Even for this case the acceleration equation is 
sufficiently complicated. 


For the 4-bar mechanisms, and therefore for any mechanism built 
up by “ lower pairing,” #.e. by turning and sliding pairs only, two further 
methods are available, both graphical, but accurate as analyses. The 
difference between mathematical and graphical methods where the 
latter is sound is merely in the number of significant figures in the answer. 
Such graphical methods must not be compared with the purely 
“ drawing ” methods of (ii) above. 


The special methods available for lower-pairing mechanisms are :— 


(iii) velocity and acceleration ‘‘diagrams” so much stressed in 
text-books on the Theory of Machines ; 


(iv) the Instantaneous Centre of Rotation method. 
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The Simple Cams as Mechanisms 


Fortunately it will be shown that each type of simple cam, combined 
with various types of follower, yields a mechanism exactly equivalent in 
every way with a particular 4-bar mechanism. 

Thus the special methods of analysis are available and method (iv) is 
selected as the one to be developed for each case. It is necessary to 
revise knowledge of the Instantaneous Centre of Rotation. Some 
general notes on 4-bar mechanisms are therefore briefly given. 


Four-Bar Mechanisms 


Each member in a 4-bar mechanism is coupled to its neighbour 
either by a pin to form a turning pair, or by a linear slide to form a 
sliding pair (block in guide). 

Each 4-bar mechanism consists of :— 

(a) a fixed link ; 
(6) two side links ; 
(c) @ connecting link. 

The two side links have simple linear or rotary motion. Each 
end of the connecting link thus has simple linear or rotary motion but 
the motion of the link as a whole is complex. Due however to the motions 
of the ends a point can be found in space about which the link, as a 
whole, is apparently rotating at the instant concerned. This is called 
the Instantaneous Centre of Rotation. 


Instantaneous Centre of Rotation 


Simple rules may be formulated for finding the I.C. of R. of the 
connecting link in any mechanism, They are as follows :-— 

The I.C. of R. lies at the intersection of two lines, each line being 
decided by the form of side link. 

(i) If the side link is joined both to fixed link and connecting link 

by turning points, (i.e. pins), the line passes through both 
oints, 

(ii) tt the side link is joined to either fixed link or connecting link 

by a turning point, and to the other, whichever it may be, by 
a slide, the line passes through the turning point and is at 
right angles to the line of the slide. 

Usually the velocity, linear or angular, of one side link is known, 
and that of the other side link required. The angular velocity of the 
connecting link about the I.C. of R. is decided in magnitude and direction 
by the linear velocity of the point common to both tho basic side link 
and the connecting link. This angular velocity is then applied to give 
the linear velocity of the point common to both the connecting link 
and second side link, from which any further information regarding 
velocity for the second side link can be obtained. 
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By a graphical construction, the velocity of the second side link is 
represented by the length of a line, the acceleration becoming the rate 
at which this length varies. Since one end is fixed in the construction, 
the acceleration becomes the velocity of the other end of this line, and 
a graphical construction reduces the acceleration to its representation in 
magnitude and direction by a single line. 


FIG. 6 


This is a general description of the method adopted to analyse 
completely the simple cams. [¢ is based entirely on the use of the 
Instantaneous Centre of Rotation, and has the special advantage that 
unlike the velocity and acceleration diagram method, the whole of the 
work is performed on the cam drawing and is not detached, with the 
need for special scales, from the drawing. 
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Combination of Simple Cams and Followers 


There are two types of simple cam :— 


(i) profile of circular arcs only ; 

(ii) profile of straight lines and circular arcs, 
The types of follower are :— 

(a) Linear with flat contact. 

(b) Linear with roller contact. 

(c) Angular with flat contact. 

(d) Angular with roller contact. 


The cases of roller contact cover also contact with a rounded end 
to the follower. Compare Fig. 4 and 5. 


In deciding the possible combinations of cam profile with follower, 
it must be noted that a profile involving a straight line cannot be used 
with a follower having flat contact, since this would obviously result in 
infinite acceleration. 


The possible combinations are given in the following table, reference 
being made to typical figures. Each combination is given a mark for 
future reference. 


1 
; Centring for 
Mark Fig. Cam Profile Motion of Type of Linear 

Follower Contact Follower 
A 1 Cireular Ares Linear Flat, _ 
B 2 do, “do, Roller On Centre 
Cc 3 do. do. do. Off Centre 
D as 2 Line and Arcs do. do. On Centre 
E as 3 0. do. do. Off Centre 
Fr as 4 & 5 | Circular Arcs Angular do, = 
G 4 & 5 | Line and Ares do. do. = 
H 6 Cireular Ares do. Flat — 


In succeeding chapters each of these “marks” will be analysed 
fully, z.e. the graphical method for velocity and acceleration of the 
follower will be fully developed including those :— 


(i) at commencement of lift ; 

(ii) at any point in motion along the chosen type of profile ; 
(iii) at the point of change in profile ; 
(iv) at the top of lift. 


CHAPTER 2 
DISPLACEMENT IN THE SIMPLE CAMS 


Before proceeding to the analysis of velocity and acceleration of 
each of the specified cases some discussion of displacement is necessary 


As was mentioned in Chapter 1 the general method of analysis 
would consist in forming an equation between displacement and angle 
of rotation of cam. This would for each case be a trigonometrical equation 
and would provide the most accurate means for calculating the displace- 
ment at any angle of cam rotation. 


Accurate knowledge of displacement or lift is however seldom 
necessary. Maximum displacement is of course of the greatest importance. 
Since graphical methods are to be used for velocity and acceleration it is 
suggested that graphical methods be also used for finding follower 
displacement. 


Principle of Displacement Analysis 


It is more convenient to imagine the cam to remain stationary 
whilst the fcllower rotates round the profile. This has the advantage 
of spreading the graphical work round the cam periphery instead of 
concentrating it at the one lift line position originally selected. It will 
not be necessary to analyse each mark of cam since only one of the 
two simple profiles available need be chosen for representation. 


Mark A: Linear Follower with Flat Contact, Fig. 7 


Minimum cam radius is used to give the dotted circle which forms 
the base from which lift measurements are taken. O is centre of rotation, 
C, and C, centres of circular arcs of the profile. When the cam rotates 
anticlockwise through 0,, the follower is in contact at A, and the 
displacement or lift is 7',B, where OB, is parallel to C,A, which is 
normal to A,B,. Similarly when angle of rotation is 0, the lift is 7,B, 
where OB, is parallel to C,A,. 6, and 0. are measured from the “ no-lift ” 


position, z.e. from the point on the cam profile where the circular arc 
of radius 7, commences. 


Mark B: Linear Follower with Roller Contact, on Centre 
Fig. 8 


The roller path is drawn round the profile, in dot and dash line. 
The minimum roller path is drawn in dotted line. At any angle 0, from 
the no-lift position the lift is 7,P,. Similarly at angle @,, the lift is 
TP 


THE SIMPLE CAMS 


Mark C: Linear Follower with Roller Contact, Off Centre 
Fig. 9 


Here again the path of the roller centre is drawn round the cam 
profile in dot and dash line. The minimum roller path is shown dotted. 
OS, the eccentricity of the line of the follower from the centre of rotation 
is used as a radius to give a circle also shown in dot and dash. Lift 


lines must then be tangent to this circle. Thus at angle of rotation 
8, from the no-lift position, the roller centre is at P, and the lift is 7',P,, 
where S,P, is tangent to the eccentricity circle, i.e. angle P,S,O is 
90 deg. Similarly at angle 0,, the lift is T,P.. 
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Mark F: Angular Follower with Roller Contact. Fig. 10 


The path of roller centre round the cam profile is drawn in dot 
and dash line. @Q, the fulcrum of the lever forming the angular follower 
is rotated about O, the centre of rotation, to give the outer dot and 
dash circle. @ is the basic angle in the no-lift position between OQ 
and QP. At an angle of rotation 0, from the no-lift position the lever 
length is used to mark P,, and the angle has increased to 9, Then 
angle of lift is ¢,—p». Similarly at 6, the angle of lift is o,— op. 


Mark H: Angular Follower with Flat Contact. Fig. 11 


Line of follower flat intersects OQ (produced if necessary) in 8. 
S is rotated about the centre of rotation O to give the dot and dash 
circle. In the no-lift position the basic angle between OS and SP is op. 
Rotation through 0, brings S to S, and the new contact point with the 
cam is given by drawing SP, tangent to the profile are, i.e. by making 
angle CPS, 90 deg. The angle between OS, and S,P, has now increased 


to 9, and the angle of lift is thus @, — o. Similarly after an angle of 
rotation 0, the angle of lift is @,- 9p. 


Angular Followers 


It will be noticed in the foregoing that in the case of the angular 
followers lift is measured by the angle of rotation of the lever forming 
the follower. Similarly in the analyses which follow, velocity and 
acceleration will he measured as angular velocity, radians per sec., 
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and angular acceleration, radians per sec.? respectively. Where the 
mechanism later converts such angular motion into linear motion it 
will be a comparatively simple matter to convert the angular motions 
into linear ones. 


Enlargement for Lift Readings 


In cases where fairly accurate measurements of intermediate 
displacement are required, it is advisable to draw out the cam to an 
enlarged scale. This enlargement will however not be found necessary 
for velocity and acceleration readings, indeed for most cams, it will be 
found necessary to set the cam drawing down in the centre of a large 
sheet of paper, as the line representing acceleration will in places probably 
be of great length compared with the velocity line. Naturally great 
care in drawing must be taken, otherwise no reliance may be placed 
on the results obtained. For normal drawings an accuracy of two 
significant figures may be relied upon, a degree of accuracy quite 
sufficient in engineering calculations. 


Standard Notation 


Throughout the analysis the following letters and symbols will 
be used :— 
oO = centre of rotation of cam. 
minimum cam radius with centre O. 
centres of circular ares forming cam profile. 
radii of such circular ares. 
contact point between cam and flat follower. 
centre of roller. 
fulcrum of lever forming angular follower. 
constant angular velocity of cam. 
linear velocity of a linear follower. 
linear acceleration of a linear follower. 
angular velocity of an angular follower. 
angular acceleration of an angular follower. 
Instantaneous Centre of Rotation. 
= follower velocity vector. 
= follower acceleration vector. oe, 
o) = Instantaneous angular velocity of the connecting link in a 
4-bar mechanism. 


Fididd ddd deo 


y 


one ERS HOVER 


= 
Ss 


All units will be assumed to be feet, seconds, and radians. 


CHAPTER 3 


MARK A CAM : CIRCULAR ARCS, LINEAR FOLLOWER 
WITH FLAT CONTACT 


This is the only cam for which it 1s unnecessary to obtain a lower- 
pairing mechanism analogy. The analogous mechanism, however, is 
an inversion of the double slider crank chain (steam driven donkey 
pump). It will be obvious in Fig. 12 that C rotates about O with constant 
velocity Q, and that the follower will move exactly as its point of 
contact A, CA being of constant length. Thus A moves vertically, 
exactly as the projection of C on to the vertical line (NV) moves, that is 
to say with simple harmonic motion. 


Thus velocity of follower, v = Q.0.M, also acceleration of follower, 


es 

a = Q?. NO, direction being indicated by the order of letters N and O. 
In Fig. 12 the follower has an upward acceleration. Note that in all 
acceleration cases the direction of rotation and hence the direction of 
the velocity of the follower has no effect on the direction of the 
acceleration of the follower, but if velocity and acceleration have the 


same direction the follower is being accelerated and if they have different 
directions the follower is being retarded. 


Fig. 13 shows a cam formed by a continuous circle. The follower 
has in this case complete simple harmonic motion with, of course, no 
rest periods at no-lift and at full-lift. 


Maximum velocity of follower = Q. OC. 


Maximum acceleration of follower, at commencement and top of 
lift, = Q?. OC, direction being obtained easily by using N for C and 


adding the direction arrow on the vector NO. 

In cams formed by more than one are, each arc, excepting the one 
with O as centre, will provide a certain portion of a separate simple 
harmonic motion, 

Acceleration at commencement of lift. Fig. 14. 

AOO in line. MM is at O so that OM =0, while N is at C. 

Acceleration of follower, a = Q?. VO = Q2 60. 
Accelerations at change of arcs. Fig. 15. 

C,C,A in line. 

Velocity of follower, v = Q. OM. 
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Two acceleration points are obtainable, N, for the first arc, and NV, 


for the second arc. 
Thus acceleration of follower, immediately before change of arc, 


is. 2, WO, i.e. upwards, and acceleration of follower, immediately 
after change of arc, is 2. ¥,0, t.e. downwards. 
Total change in acceleration is Q?. N,N. 


Acceleration at full-lift. 
No figure is shown but Fig. 15 may be used. OC, A will be in line, 
N being at C,. 


Acceleration of follower = 02.6,6, i.e. downwards 


Maximum Acceleration. 
This will either be at commencement or end of lift. 


Maximum Velocity. 
This will occur when acceleration ceases, that is at change of arcs. 


Curves of Velocity and Acceleration 


Fig. 16 shows a cam with half lift angle of 100 deg. The lay-out 
gives change of curvature at 41 deg. rotation. @ at commencement of 


rotation (contact at O) = 92. 0.0. a at change of curvature is from 
Q?. N,0 outwards to Q2. NO inwards. a at top of lift = Q%. 0,0. 


These are plotted in Fig. 17. The given values are joined by portions 
of cosine curves. 


v at change of curvature = Q. OM and this 1s the maximum value. 
This valve is plotted and is joined to the zero at commencement and 
end of lift by sine curves. 
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It is more convenient to plot OM and NO than the calculated v'and a. 
For a given size of cam, running at a given velocity Q, scales of velocity 
(feet per sec.) and acceleration (feet per sec.) could be added to the 
diagram. As will be seen from the diagram, the plotting of the vector 
lines rather than the calculated velocity and acceleration, assists materially 


Outwards 


Inwards 


FIG.17 


in the drawing in giving useful guides for the sine and cosine curves. The 
dotted lines show the completion of such curves to help the filling in 


of the correct shape of curve without intermediate values being plotted, 
although of course this method may be used. 
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Scales for Linear Velocity and Acceleration Graphs 


The cam in Fig. 16 and the graphs in Fig. 17 are used to illustrate 
the method. 


Velocity: Assume that the cam is running at 1,000 R.P.M. The 


maximum OJ (at change of arc) is 1-18 inches. The corresponding 
maximum velocity ig :— 

a X 1000 | 1-18 

v= Q2.0M = 30 x Pp 


= 10-3 ft. per sec. 


ft. per sec. 


Choose a convenient v to facilitate scale construction. Probably 
a system of repeated halving will form the quickest method in scale 
construction. Here either 8 or 16 would suit. Assume the former. 
Calculate the OJ for 8 ft. per sec. 

8 P 
=—— x 1-18 = 0:92 inch. 
Om 0-3 * 

Set off this scale length vertically above the zero line of the scale 

and subdivide by repeated halving as finely as desired. 


Acceleration: The maximum NO. is 1:80 inches. Then max. 


a= 02 NO = (a) x 180 ft. per sec.? = 1650 ft. per sec.? 
: _ 30 12 
Choose @ = 1600 as the basic scale length, and calculate the 
corresponding NO. 
160 ‘ 
= =—— x 1-80 = 1-75 inches. 
NO ies * 


Set off this scale length vertically above and below the zero line 
of the scale, and subdivide by repeated halving as finely as desired. 
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CHAPTER 4 


MARKS B AND C CAMS: CIRCULAR ARCS, LINEAR 
FOLLOWER WITH ROLLER CONTACT 


Fig. 18 shows the general, i.e. off-centre, case Mark C. O is the 
centre of rotation, and C the centre of the circular arc with which the 
roller P is in contact at A. 

Fig. 19 shows the replacement of the cam action by a precisely 
similar linkwork action, the single slider crank chain used as an off-centre 
reciprocating engine mechanism. 


Velocity. Tig. 20. 

CO and a line through P normal to the slide meet in J, the LC. of R 
of the connecting rod CP. 

Then the instantaneous angular velocity of the connecting rod is :— 

@, = Q. OC/IC. 
The velocity of the follower P is 
v=o, IP= Q. OC. IP/IC. 
This gives the most accurate form of calculation for v. 


Rapid method for velocity. Fig. 20. 
Draw OM normal to the slide, M on CP. 
Then v=Q. OC. IP/IC=Q. OM. 


This gives a quicker but less accurate form of calculation for v 
avoiding the finding of J. 


Acceleration. Fig. 20. 
Join IM, 
Acceleration of follower P is 
a = rate of change of v, 
= Q. rate of change of OM, 
= QO. voy. 

Complete velocity of M is Vs;=w,. IM, and this is resolved into 
two components, vy and v,. ‘Triangle JJ2 represents these three 
velocities in magnitude and with direction turned through 90 deg., where 
IJ is parallel to the slide and represents vy, and MJ is normal to CP 
and represents »,. 

Then vy = w,. IJ. 

= Q. 00. IC/IJ. 
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Hence a = (2. OC. IC/IJ. 


This is the most accurate form of calculation for the acceleration, but 
involves too many measurements. 


J Ss 
FIG. 20 


Join JC and draw ON parallel to the slide with N on JC. 


—_—_ 
Then a = Q2. NO. 


The arrow indicates the direction of the acceleration—the vector 
arrow being directed always towards the cam centre, indicating an 
outward acceleration of the follower. 
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Rapid Method for Acceleration. Fig. 21. Join PO. 


Draw MW parallel to PO, W on OC. 
Draw WX normal to slide, X on CP. 
Draw XW normal to CP. 

ON parallel to slide. 


In all constructions it is assumed that lines may be produced where 
required. 


The figure shows the long construction in addition to the short 


FIG. 22 


one for comparison and as a graphical check. 
Fig. 22 shows the special on-centre case when MW is parallel to slide. 
This is the well-known Ritterhaus construction. 
Then a = Q2. NO. 


Acceleration at commencement of lift. Fig. 23. 


The roller is then in contact with the cam at the change of are 
from minimum cam radius r, to first lifting radius r,. The coincident 
points are indicated, and the figure shows the construction for ON. 


Then a = Q2, WO. 
Fig. 24 shows the special on-centre case. 
the original (long) formula must be used. 
a= Q* 0C,. IJ/IC,. 
These points are all shown. 
Acceleration at top of lift. 


No figure is shown for the off-centre case for which however the 
normal short construction as shown in Fig. 23 should be used. 


N cannot be obtained and 
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Fig. 25 shows the special on-centre case for which the original long 
formula must be used. 


a= 22. 00,. IF/IC,. 


Jy 


FIG. 26 


The two long formulae used correspond to the piston accelerations 
at the ends of the stroke for the on-centre reciprocating engine. 
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Acceleration at change of arc. Fig. 26. 

On the same diagram the long acceleration construction is carried 
out for the two distinct mechanisms, OC,P and OC,P, the former giving 
ON, and the latter ON,. Their directions indicate a change of acceleration 


® Linear 
Follower 


% 

| Top oF Life 
Outwards|2 RS bed 

| 8 Ss * 5 
ACC'N. 9 Angle of Rotation 
Jnwards 

| 

| 

v 


FIG. 28 


i.e. the motion (anticlockwise rotation) of the follower ceases to be 
accelerated and commences to be retarded. The change of acceleration 


—* —$ 
is from 0%. N,O to Q?. N,O. 
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The maximum velocity at this instant is given by construction 
from both mechanisms as Q. OM. 


Curves of Velocity and Acceleration 
The case shown in Fig. 27 is chosen for analysis. The profile is 
arranged so that the change of arc occurs approximately at half the lift 


angle, enabling the effect on acceleration and retardation maxima of 
this basis of design to be examined. 


In this case the velocity curve is not shown. Acceleration vectors 


NO only are plotted. Note that at commencement and top of lift the 
necessary long formula is modified to yield NO in place of a, 


NO = OC. IJ/IC. 
The VO ’s at change of arc are then obtained and one intermediate 


VO obtained between commencement and halfway and again between 
halfway and top. The lengths of the vectors obtained are added on 
the diagram, Fig. 28, the points plotted, and joined by smooth curves. 


The two curves obtained show that the basis of design is a sound 
one since there is no big difference between the maximum acceleration 
and maximum retardation. 


CHAPTER 5 


MARKS D AND E CAMS: STRAIGHT LINE AND 
CIRCULAR ARC, LINEAR FOLLOWER WITH ROLLER 
CONTACT 


Fig. 29 shows the general, t.e. off-centre case, Mark E. Fig. 30 
shows the mechanism of lower pairing linkwork which replaces exactly 
the motion of this cam action. It is an inversion of the crossed slide 
crank chain, both slides being off centre. The only practical case of 


this inversion is the “ Rapson slide,” in which only one of the two slides 
is off-centre. 


Velocity. Fig. 31. 


The vertically placed guide forms the fixed link of the 4-bar chain, 
and, using the rules for finding the Instantaneous Centre of Rotation 
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of the connecting link which, in this case, is the block in the inclined 
guide, J is at the intersection of a line through O normal to the inclined 
guide, and a line through P normal to the vertical guide. 

The angular velocity of the inclined block about J is the constant 
angular velocity Q of the inclined guide about O. 

Then velocity of vertical block is the velocity of the follower P, 
and is v = Q. IP. 

Draw PM normal to the inclined guide, and OM normal to the 
vertical guide. 


Then v = Q. OM. 


Acceleration. Fig. 31. 
The acceleration of the follower P is :— 
a =rate of change of v, 


= Q x rate of change of OM, 
= Q x velocity of M along OM, = Q. vy 


The complete velocity of M is Vy=Q. LM, because of the rotation 
of M about J. ‘This velocity is resolved into vy, along OM, and v, along 
MP. Further if IJ is drawn parallel to the vertical slide, and I J normal 
to IM, triangle IMJ is a velocity triangle for these three velocities with 
direction turned through 90 deg. 

Then vy = Q. IJ, and a= Q2.1J. 

; Finally the acceleration vector is transferred to O by completion 
of the parallelogram JJ NO, i.e., JN is normal to the inclined slide and 
ON is parallel to the vertical slide. 


—> 
Then a = Q2, NO, 
the vector arrow indicating the direction of the acceleration. In the 
case shown, P is being accelerated outwards, i.e. away from the cam. 


Acceleration at commencement of lift. Fig. 32. 

The off-centre case Mark D is shown. The same construction is 
applied and the coincident points are shown. Then a = Q%, PJ = 
02. NO. 

For the special on-centre case Mark C, no figure is shown but obviously 
from Fig. 32 points O and J will coincide and a = Q?. OP. This is the 
centrifugal acceleration of a point when leaving the are of a circle on 
which it was travelling. 


Acceleration at change of profile. Fig. 33. 


Obviously the straight line aust change to a circular arc. Dependent 
upon the position of the centre of this arc, the motion of the follower 
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may continue to be accelerated or may commence, and of course 
continue to be retarded. Normally the latter, i.e. retarded, motion 
will be given as in Fig. 33. 

To obtain the two accelerations or change of acceleration at the 
junction of the two profiles, it is necessary to use the construction 
described above for the straight line profile, and the construction described 
in Chapter 4 for the arc profile. This is shown in Fig. 33, the former 


be FIG. 35 


giving a = Q?. NO, and the latter a = Q2. V,0. The directions of 


— — 
the vectors N,0 and V0 show that the outward motion of the follower P 
ceases to be accelerated and commences to be retarded. Thus the 
a ad velocity of the follower is attained and is v = Q.OM in 
ig. 33. 
The acceleration at the top of lift is obtained for the circular are 
as given in Chapter 4. 


Curves of Acceleration and Velocity 


In comparison with the Marks B and C cams the straight line 
profile will cause a more rapid rise of the acceleration curve. To preserve 
rough equality between maximum acceleration and retardation in the 
Mark D and E cams, it will be necessary to end the straight line profile 
some distance before the half lift position. 

In the case chosen for acceleration analysis, shown in Fig. 34, this 
has been done. The corresponding acceleration curve with actual 
lengths of the acceleration vectors is shown in Fig. 35. 
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CHAPTER 6 


MARK F CAMS: CIRCULAR ARCS, ANGULAR 
FOLLOWER WITH ROLLER CONTACT 


Fig. 36 shows the essential cam details, Fig. 37 shows the mechanism 
with motion exactly replacing the cam motion. The mechanism is 
the inversion of the quadric cycle chain known as the crank-lever 
mechanism. If the crank revolves with constant angular velocity, it 
is required to find the angular velocity and angular acceleration of the 
lever QP. Such angular velocity and acceleration can be readily 
converted into a linear or tangential one should the need arise. 


FIG. 37 


Velocity. Fig. 38. 
The Instantaneous Centre of Rotation, J, of the connecting link 
PC is at the intersection of crank and lever, produced if necessary. 
The angular velocity of the connecting link PC is w, = Q. OC/IC 


The angular velocity of the angular follower or lever QP is 
@ =o, IP/QP 
oc IP 
= 276 oF 
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Rapid method for velocity. Fig. 38. 
Draw OM parallel to QP with M on PC. 


Q 
Then w = OP OM. 
Q and QP are constants, thus OM is a direct measure of the velocity 
of the angular follower, «. 


Acceleration. Fig. 38 


The angular acceleration of the lever QP is 
« = rate of change of w, 
= Q/QP x rate of change of OM, 
= Q/QP x vm, 
where vy, = velocity of M along OM. 
Now vs, is due to two rotations :— 


(i) OM at w about O causing OM to increase (in this particular 
configuration) thus supplying a component of magnitude 
+o.MA where OA is normal to CP and MA is normal to OM. 


(Note that OM is drawn parallel to and hence rotates with 
QP at w), and 


(ii) MP at w, about J causing OJ to decrease, thus supplying a 


component — ,.JJ where JJ is normal to OM and MJ is normal 
to MP. 


Then «= Q(@.MA~,.JJ)/QP in which a resultant -- sign 
indicates an acceleration and a — sign a retardation. 


This forms the most accurate method for the calculation of «. Its 


proof will be found in Chap. TIT of “ Acceleration in Linkwork ” by the 
author and published by Pitman, 


Rapid method for acceleration. Fig. 39. 


The book quoted above gives also a method of reducing the 
acceleration of the lever to dependance on one vector length but Chap. VI 
of the same book gives a further method dependant on another principle 
which is now given in preference, 

Draw OM parallel to QP, M on PC. 

Join OP and QM. 

Draw MA parallel to OP, A on OG. 

Draw AB parallel to QP, B on CP. 

Draw OD parallel to CP, D on QM. 

Draw DE parallel to QP, E on OP. 

Draw EF parallel to CP, F on OM. 

Draw FG@ normal to QP, BG normal to CP. 
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Then the lever acceleration 


a= GF/QP. 
Acceleration at commencement of lift. Fig. 40. 
Applying the “long” construction, the coincidence of certain 
points is shown in Fig. 40. 
Contact between roller and profile is at the junction of the two 
arcs, one the minimum cam radius 7,, and the other the first cam arc 
of radius 7, and centre C. 


Nz 


FIG. 42 


Actually O, M, and A are coincident and « = Q.0,1J. No 
sign is needed as obviously QP is being accelerated on its upward move- 


— 
ment. If ON is drawn parallel to PJ, N on CJ, « = Q2. NO for quicker 
calculation. F 


Acceleration at top of lift. Fig. 41. . : 
The “long ” construction again indicates the coincidence of certain 


points in the finding of NO. 
Again O, M, and A are coincident hence «= Q. @,.IJ. Again 
no sign is needed as obviously QP is being accelerated on its downward 


a 
movement. If ON, is drawn parallel to PJ, N, on CJ, a = Q?, NO 
for quicker calculation. 
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Acceleration at change of are. Fig. 42. 
The roller is in contact with the profile at the junction of the two 


ares, one of radius r, and centre C,, the other of radius ry and centre C, 
continuing over the top of the lift. 


The long construction is applied to the two chains independently, 
OC, PQ giving I,, J,, and OC, PQ giving I,, J,. Mand A are naturally 
common to both chains. The maximum velocity of the cam follower is 


Q 
= op: om. 


a = 2 (o. MA + @,. I,, J;)/QP for the first chain and 

og = OQ? (w. MA ~ wT J9)/QP for the second chain where w,= 
Q. 0C1/I, C, and w,= Q: OC,/Ip Cz. % is obviously + ve ie. w is 
still being accelerated ; whilst %, is—ve (MA being small) i.e. w is being 
retarded. 
Thus there is a chan 


ge from acceleration to retardation of the motion 
of the follower. 


Curves of Acceleration and Velocity 
No example is given to show the variations in acceleration and 
velocity, since it will be obvious that these 


f will be little different from 
those given under the Marks B and C cams. A similar basis of design 
should be used—change of profile arcs at approximately half lift. 


Scales for Angular Velocity and Acceleration Graphs 


The foregoing analysis indicates that in these graphs of curves of 
angular velocity and acceleration, only the lengths of the vectors OM 
— 
and NO will be plotted. The 


v ‘ addition of the scales in radians per sec. 
He velocity, and radians Per sec.? for acceleration is carried out as 
‘ollows :— 


Velocity: Assume that the maximum velocity vector OM (at 


change of arc) is 3-42 inches, and that the lever QP is 2-4 inches long, 
the cam running at 1100 R.P.M. 


am X1100 3-42 
OP: OM = —30 X ba rads. per sec. 


= 164 rads. per sec. 


Choose 160 rads. per sec. as the basic scale point, and calculate the 
corresponding OM. 
160 


OM = ea * 3-42 = 3-34 inches. 


Then the 160 can be marked off, from the zero line of the scale, vertically 
as 3-34 inches, and sub-divided by repeated halving as finely as desired. 


Then max. w = 
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Acceleration: Assume that the maximum acceleration vector NO 
obtained from the lay-out is 5-63 inches. 
OF = am xX 1100\? | 5-63 - 
Then max. « = OF NO= a) X oa rads. per sec.? 
= 31,000 rads. per sec.* 
Choose 32,000 as the basic scale point, and calculate the corresponding NO. 
32 


No = ar * 5-63 = 5-81 inches. 


Then the 32,000 can be marked off vertically, above and below the 
zero line of the scale, as 5:81 inches, and sub-divided by repeated halving 
as finely as desired. 
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CHAPTER 7 


MARK G CAM : STRAIGHT LINE AND CIRCULAR ARC, 
ANGULAR FOLLOWER WITH ROLLER CONTACT 


Fig. 43 shows the essential details of the straight line portion of the 
cam profile. The motion of the angular follower QP is replaced exactly 
by the motion of the ‘‘ crank” QP in the mechanism in Fig. 44. This 
is an inversion of the single slider crank chain, known, in a special form, 
as the Whitworth quick return motion, but differs from it in two respects— 
firstly, the centre line of the guide does not pass through the centre O, 
and secoudly, the slotted lever receives the constant velocity instead 
of the crank. 


It is necessary to find the angular velocity, w, and the angular 
acceleration, «, of the follower QP. 


oO 


Oy 


So1 


FIG, 44 


Velocity. Fig. 45. 


‘he instantaneous centre of rotatior I of the tele) at 
Uy e ti 1 ; “ block ” Pi 
at the intersection of a line drawn from O normal to the “ g uide ” of 


P with QP. 
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The angular velocity of the block about J is the constant angular 
velocity Q of the guide about O. 


The angular velocity of the follower QP is 
a= OJP/OP. 


Acceleration. Fig. 45. 


The angular acceleration of the follower QP is 


a = rate of change of angular velocity, w, 
= Q/QP x rate of change of IP, = Q/QP x », 


where vy = velocity of J along IP. 


v, along JP is due to two rotations :— 

(i) of OF about O at Q supplying a component +- Q.0A where OA 
is normal to QP and JA is normal to OL. PI is increasing due 
to this rotation hence the + ve sign-; and 

(ii) of QP about Q at w supplying a component +./B where QB 
is normal to OZ and IB is normal to QP. PI is again 
increasing due to this rotation hence the + ve sign. 


Thus x7 = Q.04 + w. [Banda = Q(Q.04 + w. IB)/QP. 


Acceleration at change of profile. Fig. 46. 
The straight line must of course change to a circular arc which 
normally will continue over the top of lift. 


nO 


FIG. 46 


Then in Fig. 46 the construction just described is applied to the 
straight line profile mechanism to give J,, A,, and B,, while the con- 
struction, described in the last chapter for the Mark F cam, is applied 
to the quadric cycle chain OCPQ to give I, M2, A, and J. 
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The maximum velocity of the follower. 
Q Q 
o= OF I,P or OP: OM, 
The acceleration of the follower at the finish of the straight line 
profile is 
a = Q (Q.04, + w. 1, By)/QP 
and is directed outwards, ¢.e., an acceleration of the motion of the 
follower. 
The acceleration of the follower at the commencement of the circular 
are profile is 
% = Q(- a. My Ag- wg. Ip J2)/QP 
where @, = QOC/I,C 
and is directed inwards, i.e. a retardation of the motion of the follower. 
Acceleration at commencement of lift. Fig. 47. 
Lever QP is stationary hence w = O. 


Initial angular acceleration of lever is «= 2 OA/QP. directed 
outwards, where OA is normal to QP and PA is normal to OP. 


Curves of Velocity and Acceleration 


No case is given for analysis since the curves of OM and NO will 
follow fairly closely the shapes of those given for the Mark D cam, i.e, 
similar profile with linear follower. The basis of design with this type 
of cam will be, similarly, to arrange for a change-over from straight line 
to arc profile some way before half-lift. 
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MARK H CAM : CIRCULAR ARC, ANGULAR FOLLOWER 
WITH FLAT CONTACT 


- The essential cam details are shown in Fig. 48, the point of contact 
between cam-are and follower-flat being at P. The mechanism which 
imitates perfectly the cam motion is shown in Fig. 49. It is an inversion 
of the single slider crank chain known in special form as the pin and 
slot quick return motion, but differs from it in two respects—first, the 
pin of the “ block” is mounted off-centre, and secondly, the “slide” 
of the lever is also off-centre. It is required to find the angular velocity, 
«, and angular acceleration, «, of the lever QP, for a given constant 
velocity, Q, of the crank OC. 


Velocity. Fig. 50. 


_ The Instantaneous Centre of Rotation of the connecting link PO 
is at the intersection of the line OC and a line through @ normal to the 
slide. 
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The angular velocity of the link PC is. 
@ = Q. OC/IC. 


The angular velocity of the lever QP is obviously that of the link PC 
since the slide and block remain at right angles throughout. 


Acceleration. Fig. 50. 


The angular acceleration of the follower QP is 
a = rate of change of angular velocity, w. 


The equation .IC = Q.0C must be differentiated to obtain m. 
Both w and IC are variables on the left-hand side while both Q and OG 
are constants on the right hand side. The differentiation yields :— 


aJC + « x rate of change of IC=O. The rate of 
change of JC is the velocity of I along IC as C is the “ fixed ” end of 
the line. This 2, is due to the rotation of two lines :-— 


(i) OF about O at Q giving a component —- Q.JA where JA is 
normal to JO and OA is parallel to the slide. The — ve sign 
results from the direction of Q which causes OI to reduce in 
length ; and 


(ii) QF about Q at w giving a component + w. QB where QB is 
normal to OJ and JB is normal to QI i.e., parallel to the slide, 
The -+ ve sign results from the direction of «@ which causes 
OL to increase in length. 


Hence the acceleration equation, 


aJIC.+ © (w.QB- Q.IA) = 0, 
becomes 


a= (Q.7A - w.QB)/IC. 


Acceleration at commencement of lift. Fig. 51 


Initial acceleration is :— 


— 
O2CP 
aS Se directed outwards 
Q2 (r, — 79) 


= ————— in practical form 
4/a@—(b6 + 7)? 


Q? (7-79) 


CF a Se 
V(a+ 6+ 7%) (a-b-7) 


for caleulation 


Qn 
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Acceleration at top of lift. Fig. 52. 
Here the acceleration is 
—> 
c= 2°C,0 directed inwards 
y 
O2(L 4- 7, - 7?) 


“var O FL + re 
Q2(L+7r9- 15) 


V(at+b+L+79) («-b-L-r9) 


in practical form, 


for calculation. 


FIG. 52 


Acceleration at change of arc. Fig. 53. 
The construction is applied to the two mechanisms in turn. Contact 
is at P, the junction of the two ares, the first of radius r, and centre C,, 
and the second of radius 7, and centre C2. 
In the first mechanism OC,PQ 
a,. 1,0, + w X rate of change of I,C, = 0. 
(i) on account of the rotation of OL, at Q anticlockwise, ,C', is 
reducing and rate of change is —-Q.1,A,, 
(ii) on account of the rotation of QI, anticlockwise at w, [,C', is 
increasing and rate of change is + o.QB,. 


Hence 
a. 140, + w (o. QB, - Q1,4;) =O 


giving Fe 
a, = o( O.1,4,- 0.9 B,)/I, Cy 
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This will be found to be + ve indicating that it is directed with , 
t.e. lever QP is accelerating. . 


In the second mechanism OC,PQ 
%. Ip Cp -+ w X rate of change of I, C, = O. 
(i) on account of the rotation of OJ, at Q anticlockwise I, C, is 
increasing at rate + Q.I, Ag, 
(ii) on account of the rotation of QI, at w anticlockwise I, C, is 
decreasing at rate-. QB). 
Hence 
ay. In Cy + w (QI, Aa — w. QB.) = O 
giving 
Oy = @ (@QB, - O.F, A,)/Ip Cp. 
This will be found to be —ve indicating that it is directed against 
@, 4.¢., lever QP is retarding. 


Thus at the point of change of are the 


acceleration changes over 
from + ve to —ve. See Fig. 28. : z 


Curves of Velocity and Acceleration 


No case is given for analysis. The form of curve for acceleration 
will be little different from that shown for the Mark B cam (circular 
ares With roller follower) in Fig. 28. The basis of design will be, as 
before, to arrange for change of arc at approximately half-lift. This 
will ensure no marked difference between maximum acceleration and 
maximum retardation. Obviously the ideal is the specially profiled 
(i.e. not simple”) constant acceleration cam, but with careful choice 
of minimum cam radius in relation to required lift and with the foregoing 


sound basis of general design a very close approach to the ideal case 
can be obtained, with any type of follower. 
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CHAPTER 9 
FOLLOWER SPRINGS 


The return of the follower towards the cam centre may be controlled : 

(a) by its own weight in the case of a vertical follower ; 

(6) by a spring ; 

(c) by the use of a grooved cam in the case of a roller, the latter 
being guided in both directions—inwards and outwards—by 
the groove. 

Of these (a) can obviously only be used where an inward acceleration 
less than g is required, which would limit cam speed considerably ; (c) is 
expensive, difficult to arrange, and takes up too much room. Hence 
(b) is the standard practical solution. 


The spring is required to accelerate the follower after the top. of 
the lift is passed, to an extent at least equal to the inward acceleration 
of the cam. Actually the spring must also overcome guide or other 
friction. This is discussed in the next chapter. 

During lift the spring is compressed. An initial compression at 
the minimum cam radius is usual for practical reasons. Thus the force 
between cam and follower during the first (accelerated) part of lift is 
increased. : 

In general, this force is the algebraic sum of the inertia (i.e. accelerat- 
ing) force and the spring force. 


If Py = initial spring force, 1b. 
8 = spring stiffness, lb. per in. 


1 = lift, in. 
P = final spring force. 
=Pyi+sl. 


P must at least balance Pa, where 


W = mass of follower, lb., . 
@ = acceleration at top of lift. 


At the commencement of lift, where the acceleration is say, a, the 
total force between cam and follower is 
Ww 
Py = Pot a Q. 
At the top of lift, this force is 


Ww 
p =P- -a 
8 g 
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If guide friction F is included, 
Ww 
Po bach = % + F, 
Ww 
=P-\—a4+F). 
P C + ) 


: Ay . : 
P must be made greater than (Fe a P) so that this force p is 
still a positive one. 


FIG. 54 
Special Case of the Mark A Cam 


Since this cam has 
analysis can be made with 
curves of Chapter 3. 


The example detailed in Fig. 16 is used to illustrate the analysis. 
The cam speed is taken as 1000 R.P.M. and the mass of the follower 
as 3 Ib. 


simple harmonic motion, a rapid graphical 
out reference to the acceleration (and velocity) 


In all cases where spring return is to be employed, spring force 
depends directly on lift, hence acceleration—lift curves are required. 
In simple harmonic motion, “ acceleration—displ. 


acement ” diagrams 
consist of straight lines—the basic characteristic of S.H.M. 
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The lengths used in Fig. 16 are repeated in Fig. 54 as follows :— 
In Fig. 54 AO =OC, in Fig. 16, 

OB = lift, 

BO = 0C,. 


The two circles are then drawn as shown. OB is the horizontal 
lift axis of the graph with zero at O. 


Velocity Curve-—The dotted portions of the two circles represent 
the velocity-lift curve during the lift period. The corresponding ares 
below could be used for the velocity-lift curve during the lowering period. 
The scale of velocity will be that used in Fig. 17, te. height of ordinate 
ED in Fig. 54 = height of M in Fig. 17. oars heights as HD 
te a 1 wT r F a 
in inches could be multiplied by 0/12 = 2x30 7 8-72, to give fol 
lower velocities v in feet per sec. 


Acceleration and Inertia Force Curve—Points F and H are obtained 
as shown from the two circles, and joined to the centres of their respective 
circles to give @ and J on the change of acceleration line (maximum 
velocity). 

The acceleration-lift or inertia force-lift curve is then FGJH during 
life (and during lowering with the direction arrow against the lift-axis 
reversed). 

The scale of acceleration is that shown in Fig. 17. Fearn 

7 
heights as HG in inches could be multiplied by 0?/12 = 3( 30 ) a 
913, to give follower accelerations in feet per sec.”. 


For inertia force, heights as EG in inches could be multiplied by 
WQ? 3 (abe 2 : 
g 12° 129 \ 30 


_, Spring Force Curve.—Theoretically, the spring force at the top of 
lift, i.e. at B, must just balance the inertia force represented by BH. 


Further, the ideal spring will be of such a strength that it will 
balance out the inertia force line JH. 


This is shown by drawing the ideal spring line CK. 


Then initial spring force is 
' Py = 85:0 x 0-22 = 19]b., 


and final spring force is 
P=85-0 x 1:38 =117)b., se 
ee lengths OL and BK respectively being measured in inches from 
ig. 54. 


= 85-0, to give inertia forces in lb. 
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—P, 117-19 : 
The spring strength, S = EB T o C= 90 Ib. per in. 
In practice, to allow for friction, 30 to 40 per cent would be added 
to this value of P giving a practical spring line such as NM. 


Total Force——The algebraic sum of the inertia and spring forces 
would then give the curve PQRS, representing the total normal :force 
between cam and _-follower neglecting friction. 


FIG. 55 


Linear Cams in General 
For any cam an inertia force-lift diagram must be drawn, using 
the acceleration vectors NO as described in earlier chapters. 


Fig. 55 shows such an inertia force-lift curve ABCD. The curve 
CD will, in actual cases, be much nearer to the straight line JH of Fig. 54 
but is exaggerated here to show the tangent more clearly. 


The theoretical spring would be required to give any force line tangent 
to the curve CD such as EF, or if CD were reasonably straight, then 
along CD. The smaller OF is, the less will be the total force on the 
cam at the commencement of lift and during the accelerated motion, 
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and consequently the less the corresponding wear. At the same time 
the surplus pressure F'D at the top of lift must not become unreasonably 
large, especially when thé practical spring line ZF, allowing from 
30 to 40 per cent over LM, is added. 


E,F, is then drawn as a positive spring force line in the upper part, 
symmetrically about the axis with Z,F,, to enable the algebraic sum 
of the two curves—inertia and spring forces—to be obtained. This 
gives the curve GHJK, the total force exerted on the cam along the 
linear slide but neglecting friction. ‘The effect of friction on this case 
will be considered in Chapter 10. : 


Angular Cams in General 


An exactly similar process is carried out for the cams with angular 
followers to obtain the foregoing curves, but :— 


— 


(i) Inertia Force is replaced by inertia torque. The vectors NO 
are plotted against lift angle in degrees. Inertia torque is then J« where 


ds 
I is the total moment of inertia (= k) of the follower about.its centre 
of oscillation. It will be best to find I by calculation or by experiment 


+ . oo . 
in lb.-inch-sec.2 units. Then inertia torque = J =~ NO lb. in. 


PQ 


Thus the constant factor J. Q?/PQ could be calculated as was done 


We 
for 7 19 it the last case, and used to multiply into ordinate heights 


in inches measured on the torque-lift curve, to give either inertia torque 
or spring torque. 


(ii) Spring force is replaced by spring torque. The spring may be 
arranged round the lever pivot to give a linearly increasing torque as 
the moving end of the spring is forced by the lever on a circular path, 

If initial spring torque = 7, lb. in. 

final spring torque = 7 Ib. in. 
total angle of lifs = A deg. 
the spring stiffness = o 
T-T, 
a 


The theoretical and practical spring lines are added to the torque-lift 
angle diagram as before. 


(iii) The algebraic sum of the inertia and spring torques is the total 
torque, t, exerted at the lever pivot Q, neglecting friction. 


Ib. in. per 1 deg. 


CHAPTER 10 
THE CAM AS A MACHINE 


The Frictionless Cam 


Output power = input power, 

t.e. total force, p, exerted 

along linear slide x 

velocity of follower, v variable torque supplied, t, 
or total torque, ¢, exerted | b= xX constant angular 

at lever pivot Q x velocity Q, 

angular velocity of 

follower, @ 


ie., pv or twa = tQ. 


Thus at any lift position, p or t can be obtained by the method of 
Chapter 9, and v or w obtained from the motion analysis in earlier chapters 


for the particular type of cam. The instantaneous torque + being 
appiied to the cam can be calculated. 


Further, the product pv or tw can be plotted on a lift or cam angle 
of rotation base, to give a curve representing the power or torque variation. 


The above treatment is mainly of academic interest since the 
unavoidable presence of friction necessitates a totally different treatment. 


The Cam with Friction 


It will be impracticable to establish formulae for the efficiency of 
every type of cam. ‘ 


A frictional loss of power obviously takes place at every turning 


or sliding pair and the simple laws of solid friction enable analysis of 
such losses to be carried out. 


Linear Guides 


In every cam with a linear follower the guide causes a frictional loss. 
The general case is shown in Fig. 56. An estimate is required of the 
frictional force F' required to move the follower vertically (up or down) 
in the guide, under the binding action of the horizontal force H. 


The most accurate treatment must take account of the fact that in 
well-fitting guides the lateral pressure set up by H will be distributed 
approximately in the form of the two triangular distribution areas shown. 
In taking moments to find the total lateral force these pressures may be 


replaced by resultants R, and R,, acting through the centres of area 
of the triangles. 
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Assume for clearness that the rod is 1 inch square. Then treat 
H as an eccentric load on a column of rectangular section yin. x 1 in. 
t.e. area y sq. in. and modulus y*/6 in.*. 


Then cd = maximum stress = f; + f.. 
9g = minimum stress = f;-f,. 
, +R, = total side thrust on guide 
= 4 (cd.ce + fy.ef) 
ed ~fg 


= eit ay y-Se} 


= «Jt - S2/f1). 
But fr = bi Ue as 7 H/y, 


“ R, +R, = g (6 ¢/y + y/6e) =k H, 
where k = } (6e/y + y/6e). 


Then the vertical frictional force, F, required to move the rod 
against guide friction only is 
F=y(Rk, +h, =vkd, . 
where uw = coefficient ‘of friction in the guide. 
Note that in the “ best” case where e = y/2, Ry + R, is as much 
as 13H. Cases will however be shown where, due to friction at the 
cam surface, H is applied actually within the guide length. 
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During lift, e will vary in magnitude, hence F will vary to suit. F will 
always oppose motion, and as stated in Chapter 9 the total force p along 
the guide supplied by the cam will be the algebraic sum of inertia, spring 
and frictional forces. 


To summarise : 
Ww ‘ 
7 +P 4+ during outward ‘eoenon during 


Ww 7 
P+F- 7% during outward acceleration 


during 
lowering 


W 
P- (5 +F ) during outward et 


—a -+ P-F during outward acceleration 


During lift the cam supplies energy to the follower, some of which 
is lost in friction, while during lowering the follower supplies energy to 
the cam, some of which is again lost in friction. 


Friction between Cam and Follower 
1. Linear follower with rounded end. Fig. 57. 
At the point of contact. the normal WV is drawn at right angles to 
the arc or line forming the cam profile. 91, the friction angle for the 
two surfaces, cam and follower, is set off opposed to the direction of 


motion of the cam, giving the resultant thrust R acting b inches from 
the centre of rotation 0. 


R is resolved into two components, where it crosses the centre line 
of the follower, H normal to the guide, and p up the centre line. The 
angle between & and the centre line is 8. Then H is the force already 


discussed which causes p, the total force up the centre line, to include 7 
the friction of the guide. 


Then R = p sec 0 = (Fa+P +7) sec 0, 
= (FapP+y k H) sec 0 


Ww 
= (Fa +P + wk Rein 6) soe 0, 
from which ; 
—a+P 
Pe eos oe 2 
Cos 0-u ksin 0. 


Ww 
Thus by previous analyses the inertia force Fig and the spring force 


P for any chosen Position of the cam action can be obtained, and, from 
a drawing to scale like Fig. 57, 8 can be scaled and & calculated from 
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e and y for the guide. Hence R can be obtained and further 
H = R sin 0, 
F=pkH, 
} 7 
p= “a +P+F, 
enabling an analysis of all the forces to be made. The torque being 
applied to the cam to cause its motion is z= Rb Ib. in. 
Finally input power = R. bd. Q/,9 ft. Ib. per sec., 
Vv 
output power = (5° + P) v ft. Ib. pér sec., 
QW _vuksi : i. “ 
harite 3 12v (cos o> ksin 0); . 
but v = — if OJ is in inches, | 
OM : 
“: N= > (cos O—p & sin 0), 
OM being the velocity vector obtained from the motion analysis 


in the earlier chapters for the particular type of cam. 


Fig. 57 shows, of course, lift with outward acceleration. For lift 
ee. W 
with inward acceleration p=P+F- a” 


During lowering the same graphical analysis is followed giving 
D, the point of intersection of R and the follower centre line, above the 
centre of the rounded end of the follower, and thus reducing somewhat 
the value of &. Also p would have the value given in the summary in 
the last section. 


2. Linear follower with roller. Fig. 58. 

The roller is mounted on a pin of radius r. Here the governing 
friction is that between pin and roller, and the resultant thrust R passes 
through the point of contact with the cam, so that it makes at the pin 
circumference the correct friction angle 9, (for pin and roller surfaces) 
with the normal WN from the roller centre P. fF is distant b inches from 
O and x inches from P. Note that x =7 sin @,, and is called the radius 
of the “ friction circle” of the pin. 


At the centre line of the follower, i.e. at D, R is resolved into two 
components as before, H normal to the guide and distant e from the 
centre of the guide length. and p up the follower. Again the angle 
between R and the centre line is 0. Then the treatment follows exactly 
the lines of the preceding case, leading finally to 

ou 


1=F (cos @-pksin 0). 
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To save time the friction circle of radius «= 7 sin 9, (or % = 
v. 7 if wu, is small, say below 0-1) may be drawn. Then R is drawn to pass 
through the point of contact and to touch this circle as in Fig. 59. The 
required angle @ and the various lengths may then be scaled as before. 


FIG. 59 


FIG. 58 


Again care must be taken to use the corre 
in the summary under “ Linear Guides ” to suit the case of follower 
motion. During lowering R will touch the friction circle on the left 
side as before for anti-clockwise rotation of the cam resulting in a higher 
position of D and a reduction in e and therefore in & and F. 


3, Linear follower with flat contact. Fig. 60. 


N is the normal passing through the point of contact. The friction 
angle 9, for the two surfaces is set off opposing the motion of the cam 
to give R, the resultant thrust, distant b inches from o. 

At the follower centre line, i.e. at D, R is resolved into two 
components, H normal to the guide and distant e from the centre of the 
guide length, and p up the centre line. In this case note that D may 
be well within, or even above, the guide length y. 


ct value of p as shown 
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Then angle o, is used in place of the angle 0 of the two preceding 
cases, and with this one substitution the treatment follows exactly the 
lines of case (1), to give finally 
om 


N= FZ (cos o,-pwksin 9). 


FIG. 60 
During lowering R will naturally give D possibly well below 0, 
causing a large value of k, but note that, to compensate, p, while including 
a proportionately large J’, is itself fairly small as is seen from the summary 
under “ Linear Guides.” 


Guide Friction and Spring Design 
r In Chapter 9 it was suggested that the spring force should be 
increased by 30 to 40 per cent to allow for guide friction. 


Fig. 55 of Chapter 9 is repeated in Fig. 61 for the two cases of lift 
and lowering. 


The whole-line curve of Fig. 55 is repeated as the dotted line curve 
of these two diagrams. ; 
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In general F/p = uk Tan 0, an equation to give the proportion 
the guide friction / bears to the total force up the guide. - 


Even if 6 in case (1) (round-ended follower) reaches 30 deg. during 
the rotation and & has the value 3 and p. 0-1, F/p =0-2 approx., so 


that an increase of the (7 oe P) component of p by 30 per cent would 


be sufficient to leave a margin of positive force at the most dangerous 
point. Gs 


Force 


<— 


FIG. 61 


During lift then a final curve GH,J,K would be given to include 


friction and thus to represent the total force exerted up the follower 
centre line. 


During lowering a final curve GH,J,K would be given to represent 
p and the dangerous point where this positive force is least is indicated. 
It will probably be nearer J than K. 


In a well-designed cam motion with linear follower then, two 
further points would require attention :— 


(i) 6 must be kept low. 30 deg. has been mentioned and this would 
require that during rotation the normal at the point of contact 
should never make an angle of more than 224 deg. approximately 
with the centre line of the follower. 


(ii) & to be kept low by ensuring that the guide is of sufficient length. 


Condition (i) is naturally only obeyed by using a suitable minimum cam 
radius for a required lift in the initial stage of development of the cam. 
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Cams with Angular Followers 


It is impossible to analyse these with the degree of completeness 
possible in the linear followers, since knowledge of the frictional torque 
at the lever pivot obviously depends upon the resultant force due to 
both the cam and to the mechanism operated by the lever. However 
the designer can rest assured that just as the roller formed an obvious 
improvement over the rounded end, so the angular follower forms a 
corresponding improvement over the linear follower with an.even greater 
improvement in efficiency. It would appear that an increase of about 
20 per cent. in the theoretical spring torque line should ensure positive 
torque always. 


ee eg ee 


CHAPTER. 11 
COMPARISON WITH THE ‘‘ IDEAL ’’? CAMS 


It was stated in the Preface that the well-designed simple cam 
was in a class with the two “ideal ’’ cams, i.e. the constant acceleration 
and the simple harmonic motion cams. 


From the motion analysis already described it will be appreciated 
that the fairest comparison between cams will be in the acceleration of 
the motion of the follower, since forces and hence power depend upon 


acceleration. 
To bring the two “ideal cams” into line with the simple cams, it 
will be necessary to give a brief account of the properties of their motion. 


This analysis, unlike that given for the simple cams, can most conveniently 
be carried out mathematically. 


Constant Acceleration Cam. Fig. 62 


The displacement—cam angle (i.e. time) diagram consists of two 
similar parabolas joined at X. 


The displacement equation for the first parabola (vertex at O) will 
suffice for the velocity and acceleration equations. 


Displacement. 
l= a a any angle of rotation @ (up to «/,) from commencement 
0 . 


L = total lift after angle of rotation «. 
Q, = constant angular velocity of cai. 


8 
b= 21(2)2, up to 0=a/,. 
6 and « must be in similar units, radians or degrees, 


Velocity. 
v = velocity of follower after angle of rotation 0 ti 
V = maximum velocity at 6 = 7, ile 
d 4LQ0 
al er ie »up to 0 =a/, 
@ and « must be in radians. 
‘ 720 L Q 6 deg. 
Alternatively v = “a a deg? 
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® and a are now in™degrees. 


2 
V= BL a with « in radians, 
360 DQ 
= ——,_., with « in degrees. 
7 a deg. 
Acceleration. 


a = acceleration of follower after angle of rotation 0 up to «/». 
A =constant acceleration. 


dv 4LQ% || 
a= on ee constant. 
“A= S nm with « in radians, 
129,600 L 


“Tia den)* with « in degrees. 


The velocity- and acceleration-cam angle diagrams are shown 
in Fig. 62. 
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Simple Harmonic Motion Cam. Fig. 63 
1, L, Q, v, V, and a, have the same meanings as in the previous 


case. A=Maximum acceleration. 


Displacement. 
a6). : r 
l=L/, (2 — cos =) with « and 6 in radians, 


180 0 deg. 
=L/, (1 = C08 i) with « and 6 in degrees. 


Velocity. 

v= = oiR in. ui with angles in radians, 
t 2a 

9 LQ 
= sin 

a deg. 

LQ 

a e with angles in radians, 


180 0 deg. _. : 
aden. with angles in degrees. 


—NLQ.. ‘ 
= Fedegs with angles in degrees. 


Acceleration. 
dv aE 08 ) F 
=" cos—— with angles in radians, 


a= Goa 
16,200 L 9? 180 0 deg. . ; 
(a deg)? a dee. with angles in degrees. 
2 2 
ee with angles in radians, 


16,2002 Q? 
a with angles in degrees. 


=""(a deg.)? 
The lift-, velocity-, and acceleration-cam angle diagrams are shown 


in Fig. 63. 
Cam Conditions selected for Comparison 


The cam chosen has the following particulars :— 
.. I inch, 


Minimum Cam Radius 

Lift .. +3 ee .. 2 inch, 

Angle of Lift .. ‘al .. 90 deg. 
oe -» 4% inch. 


Roller Radius. . 
No speed of rotation need be fixed, as the comparison may be made 


— 
between the acceleration vectors (NO), this, in the case of the two 
ideal cams, being the remainder of the acceleration formula when Q? 


is omitted. 
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1. Constant acceleration. 
Using the formula obtained 
NO = a2 = ee = 1-22 inches. 
a cis 
The acceleration curve is shown in Fig. 66a. 
2. Simple harmonic motion cam. 


Using the formula obtained for A, 


2 
wo=2+ = 2L = 1-50 inches. 


02 
The acceleration curve is shown in Fig. 66b. 


8. Mark A Cam: Circular ares, linear follower with flat contact. Fig. 64. 
Change of arc is chosen at half lift angle. The following formula 


way be used to calculate the arc radii r, and 73. 
y=" + > 
a oT 2 (1 = cos «/2) 
Then 7, = 275 + LD—1y. 
This gives r; = 2-28 inches, and r, = 0-47 inches. 
At 0 =0deg., NO = OC, =1-28 inches outwards. 
At @ = 45 deg., N,O =0-91 inches outwards. 
N.O =0-91 inches inwards. 
At 0 = 90 deg., NO = OO, = 1-28 inches inwards. 
The acceleration curve is shown in Fig. 66c. 
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4. Mark B Cam: Circular arcs, linear follower on centre with roller 
contact. Tig. 65. 
Change of arc is chosen at half lift angle. No simple formula can be 
obtained for the calculation of 7, This must be obtained by trial. 
td 
| 
| 


ul 


IJ, PO _2-8x1-5 


At 6 = Odeg., NO = C1. 0c,. PC, 3 0-98 inches. 
At 0 = 45 deg., N,O scales 1-72 inches outwards. 
N,0 scales 0-70 inches inwards. 


Iv? PO _0-88x2-25 
£0 — 90 deg., NO = 0C,. 00,. 
A * TC, ” PG, 1-37 


The acceleration curve is shown in Fig. 66d. 


1-44 inches. 
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General Comparison. Fig. 66 
The acceleration curves bear out the contention that the two 
simple cams used are in the class of the “ ideal ” cams provided of course 
that reasonable care is taken in the design. Thus the simple cam can 
be relied upon to give follower motion with the desirable property of 
reasonable acceleration and thus compete with the “ideal” cams on 
equal terms in modern high speed engine design. ; 


oo FIG. 69 


Clearance in Cam Motions ; 
No account of cam design can be complete without some mention of 
clearance to ensure, for example, the seating of valves. The best rule 
is to refuse to allow clearance to upset a good cam profile. The clearance 
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required must be included in the total lift so that the cam profile is a 
smooth continuous curve, whether it is a special curve for one of the 
“ideal” cams, or an arc or straight line for one of the simple cams. 


This principle involves an increase in the lift angle 0 to 0 + y, to 
accommodate an increase in the basic lift Z to its new value L + c, 
where c = clearance required. 


The following approximate formulas give the increase y necessary 
in the lift angle for the clearance c: 


Case 1. Circular arc with flat contact. Mark A. Fig. 67. 


y deg. = 57 2c 
Ty 1o’ 


where ry = minimum radius of cam, 
r, = first radius of cam profile. 


Case 2. Circular arc with roller contact. Mark B. Fig. 68. 


= minimum radius of roller path, 
R, = first radius of roller path. 
Case 3. Straight line with roller contact. Mark D. Fig. 69. 
y deg. = 57 20° 
R,’ 
where y= minimum radius of roller path. 
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